Waterborne infectious disease outbreak associated with well water contamination is a worldwide public health issue, especially for rural areas in developing countries. In the current study, we characterized 20 well water samples collected from a rural area of southern Changchun city, China, and investigated the survival potential of Escherichia coli O157:H7 in those water samples. The results showed that nitrate and ammonia concentrations in some well water samples exceed the corresponding China drinking water standards, indicating potential contamination by local agricultural farms. Our results also revealed that the average survival time (ttd) of E. coli O157:H7 in all well water samples was 30.09 days, with shortest and longest ttd being 17.95 and 58.10 days, respectively. The ttds were significantly correlated with pH and the ratio of total nitrogen to total phosphorus. In addition, it was found that the shape parameter (p) and first decimal reduction parameter (δ) were negatively (P < 0.05) and positively (P < 0.05) correlated to ttd, respectively.
INTRODUCTION
Escherichia coli O157:H7 is a Gram-negative, rod-shaped, facultative anaerobic, and shiga toxin-producing pathogen.
It was identified during an investigation into a food-borne disease outbreak in the United States (Riley et al. ) .
Later evidence has shown that E. coli O157:H7 is one of the most commonly isolated bacterial pathogens (Mead et al. ) . In the USA, E. coli O157:H7 alone was estimated to result in a total of 73,480 cases of disease per year, including more than 1,800 hospitalizations and 52 deaths (Mead et al. ) . In addition, many large outbreaks of E. coli O157:H7 infections have been reported in more than 50 other countries and areas, making E. coli O157:
H7 an increasing worldwide public health concern. In China, five E. coli O157:H7 strains have been isolated from nearly 500 stool samples during several E. coli O157:
H7 outbreaks that occurred in Jiangsu Province, and those strains were believed to be the cause of the outbreaks (Xu et al. ) . The typical clinical symptoms of E. coli O157:
can be transferred to other sites by rainwater, wind, and spreading of manure. It is a great threat to environmental safety and public health because of its low infective dosage (as few as 10 cells can result in diseases) (Girill et al. ) .
During those processes, inter-and intra-animals and humans, transmission is possible. Outbreaks may occur when drinking water and food become contaminated by E. coli O157:H7. Contaminated drinking water is responsible for 15% of reported E coli O157:H7 according to the Centers for Disease Control and Prevention (CDC) of the USA (Rangel et al. ) . It was reported that during an outbreak in Canada, people became infected via drinking water contaminated by cattle feces (Krewski et al. ) . Similarly, contaminated well water has led to several major outbreaks in Washington County (CDC ), and the ground water was later confirmed to be polluted by wildlife or nearby cattle feces (Barwick et al. ) . Previous survival studies have shown that E. coli O157:H7 can persist for weeks and even months in groundwater, tap water, and bottled drinking water (Rice et al. ; Artz & Killham ) .
Thus, the persistence of E. coli O157 in drinking water deserves further investigation, since longer survival may increase the chance of potential waterborne infections by this pathogen.
Groundwater is one of the major drinking water resources for people to survive on this planet. Well water supplies approximately half of the US population with drinking water, yet only 55% of ground water systems receive any sort of disinfection (Fujioka & Yoneyama ) . According to statistics, about 80% of the total population use shallow well water and lake or river water as their drinking water, while most of such drinking water resources are contaminated to some extent (Leclerc et al. ) . Compared to deeper groundwater, shallow well water deserves more attention due to its vulnerability to fecal contamination, which ultimately may lead to major outbreaks, as reported previously (Barwick et al. ) .
Changchun city is the capital of Jilin Province. The population in the urban area has a reliable drinking water supply; however, the inhabitants living in the rural area only about 20 kilometers south of Changchun city do not have access to a municipal water supply. All of the people there use well water as their sole drinking water source.
The wells there are shallow (typically <40 m in depth), and most wells are surrounded by small family-owned cattle farms and, in many cases, they are close to a portapotty outside toilet, therefore well water might have a significant chance of being contaminated by fecal bacteria, among which there might be some potential human pathogens, such as E. coli O157:H7 and Salmonella enterica spp. (Reano et al. ) .
In the current study, we collected 20 well water samples from 18 villages located in a rural area of southern Changchun city, and investigated the survival potential of E. coli O157:H7 under normal household storage conditions in those samples. The objectives were to: (1) study the survival behavior of E. coli O157:H7 in well water; (2) investigate the relationships between E. coli O157:H7 survival time and water physicochemical properties; and (3) provide insights into the potential health risks associated with E. coli O157:H7 in well water used as drinking water.
MATERIALS AND METHODS

Study site
The well water samples were collected from a rural area, which was about 20 km south of Changchun city, China.
The local people there use well water as their sole drinking water source due to the unavailability of tap water. Wells shared by a maximum number of people within a village were selected for sampling. Twenty wells from 18 small villages were sampled, and location, well depth, water temperature, as well as the surrounding environmental conditions (e.g., proximity to family animal farms and portapotty outside toilet locations) were also recorded. The map of the sampling area is illustrated in Figure 1 . Growth and numeration of E. coli O157:H7
Well water sampling and characterization
Cells from stock cultures were streaked on LB agar (without antibiotics), and incubated at 37 C overnight. Single and 20 μg mL À1 , respectively. The water samples were put in 5 mL glass tubes at room temperature (21 ± 1 C) in the dark and mixed twice per day to simulate regular drinking water storage conditions in the sampling area. All samples were prepared in triplicate.
Survival data modeling
Survival of E. coli O157:H7 was analyzed by fitting the experimental data to the Weibull survival model using GIna-FiT Excel Add-In version 1.5 (Geeraerd et al. ) . The
Weibull survival model was constructed based on the hypothesis that the deactivation kinetics of the bacteria population follows a Weibull distribution. The size of the surviving population can be calculated using the following 
where N is the number of survivors, N 0 is the inoculum size; t is the time; p is the shape parameter; when p > 1 a convex curve is observed; when p < 1 a concave curve is observed,
δ, represents the time needed for the first decimal reduction.
A very important and useful parameter, ttd (time needed to reach detection limit, 100 CFU mL À1 ) can also be calculated when using GInaFiT to model the experimental survival data.
Statistical analysis
Detrended correspondence analysis ( 
RESULTS
Well water characterization
The well sample characterizations are shown in Table 1 .
According to National Food Safety Standard of China, various fractions of water samples were not suitable for drinking due to higher concentrations of NH 4 þ -N (4/20, 20%), NO 3 À -N (11/20, 55%), and total plate counts (1/20, 5%). DCA was used to cluster the well water samples according to their physicochemical properties, and the results showed that 10 water samples (W2, W4, W6, W11, W12, W13, W15, W16, W17, W19) seemed to share more similarities compared to the rest of the well water samples ( Figure 2) .
Survival profiles of EDL931 in well waters
The survival profiles of EDL931 in each well water sample are shown in Figure 3 . When inoculated into the water samples (W3, W5, W6, W7, W19), EDL931 could die-off to a level below detection within 20 days, while in W2, W10, W11, W16, this pathogen could survive for more than 40 days. The average survival time was 30.09 days. In addition, most of the survival profiles showed a convex curve, since p values were less than 1 in the Weibull distribution model. Only six samples (W2, W9-11, W13, and W17) showed a concave survival curve. On average, the first decimal time (δ) was 14 days, with the largest δ value being 30 days (W16) and smallest δ value being 9.2 days (W17).
Cluster analysis of survival time (ttd)
Cluster analysis based on survival time (ttd) yielded three clusters: cluster 1 contained five water samples, cluster 2 included seven samples, and the rest of the samples belonged to cluster 3 (Figure 4(a) ). Further analysis revealed that ttd of cluster 1 samples was significantly longer than those of cluster 2 and cluster 3 samples. The shape parameter, p, of cluster 3 samples, was greater compared to both cluster 1 and cluster 2 samples, while for the first decimal parameter, δ, no significant different was found among all three clusters (Figure 4(b)-4(d) ).
PCA of well water physicochemical parameters
PCA was conducted to reconstruct the correlation between survival time (ttd) and well water physicochemical parameters ( Figure 5 ). The results showed that the first two PCs (principal components) accounted for 64% of the total variance with PC1 accounting for 42.1%. According to PC1, Fe, NH 4 þ -N, NO 3 À -N, and EC exhibited positive scores, indicating that these factors may have positive effects on EDL931 survival, whereas P, TOC, TN, and pH had negative scores, indicating these factors may negatively affect the survival of EDL931 in well waters.
Multiple step-wise regression analysis
In order to identify the water physicochemical parameters significantly affecting the survival of EDL931, multiple step-wise regression analysis was carried out and the results (Table 2) revealed that the survival time of EDL931 could be best predicted by pH and the ratio of TN to TP (P < 0.05).
Correlation between survival time (ttd) and the first decimal reduction time (δ) and the shape parameter (p)
Linear regression analysis was done to probe the relationship between ttd and δ and p. The results showed that ttd Our survival study revealed that E. coli O157:H7 displayed various survival profiles in each well water sample under normal storage conditions. In the current study, we found the longest survival time was nearly two months, while the shortest survival time was only about 18 days. ttd, time to reach detection limit; TN, total soluble nitrogen; TP, total soluble phosphorus.
* and ** denotes statistical significance at the 0.05, and 0.01 level, respectively. We observed that pH was negatively correlated with the persistence of E. coli O157 in well water samples ( In the current study, it was found that the first log reduction time (δ) was significantly correlated with ttd.
This was in line with our previous report that showed δ was positively related with ttd of E. coli O157:H7 in agricultural soils (Ma et al. ) . While in the current study, the ttd was found to be negatively correlated with the shape parameter, p, suggesting that a concave (P < 1) survival curve may correspond to a greater ttd, and a convex (P > 1) survival curve may correspond to a smaller ttd. This phenomenon is in contrast with our previous findings that ttd is positively correlated with p when investigating E. coli O157 and non-O157 strain in agricultural soils (Ma et al. , ) . One of the potential explanations was the differences in the environmental matrix: one is soil, which is really complex, and the other one is groundwater, whose matrix is not that complex. In soil, the bioavailable nutrient is not evenly distributed and each cell may not be able to access the nutrients, typically AOC at the same rate, while in aqueous media, each cell could take advantage of avail- In summary, the current study offers additional information regarding the survival of E. coli O157:H7 in well waters, and highlights the longer survival of this pathogen in groundwater used for drinking water. This study showed that E. coli can persist in well water for up to two months, which might considerably increase the opportunity for their transmission into the human food chain.
